Synchronous colorectal cancer liver metastasis (SCLM) remains a clinical challenge, largely because of the limited availability of tools that use reliable prognostic indicators to guide treatment. This study assessed the prognostic ability of preoperative 18 F-FDG PET/ CT in patients with SCLM who had undergone curative-intent colorectal and liver surgery. Methods: All included patients had undergone simultaneous colorectal and hepatic surgery to treat SCLM. Cox regression for survival analysis was undertaken using clinicopathologic variables and metabolic parameters (metabolic tumor volume [MTV], total lesion glycolysis [TLG], and peak standardized uptake value [SUV peak ]) as covariates, with tumor recurrence and death used as endpoints. Results: One hundred twenty patients (82 men, 38 women; mean age ± SD, 59.9 ± 10.1 y) met the inclusion and exclusion criteria. Univariate analysis showed that MTV, TLG, and the size of hepatic metastases were significant indicators of both recurrence-free survival and overall survival, whereas those of primary colorectal tumors were not. Multivariate analysis revealed that the SUV peak of primary tumors and hepatic metastases remained significant after adjusting for other clinicopathologic variables, whereas the MTV and TLG of hepatic metastases became insignificant after adjusting for differences in tumor size. The combination of a high SUV peak of hepatic metastases and a low SUV peak of primary tumors was related to poor prognosis under the multivariate model. Conclusion: In patients with SCLM who underwent curative-intent colorectal and liver surgery, metabolic parameters of hepatic metastases possess prognostic significance whereas those of primary colorectal tumors do not. For hepatic metastases, the SUV peak is an independent prognostic factor, whereas MTV and TLG are surrogate measures of tumor size. Reduced recurrencefree survival rates are associated with higher SUV peak for hepatic metastases and lower SUV peak for primary tumors. Further studies are needed to elucidate the underlying mechanisms. Col orectal cancer (CRC) accounts for much of the global morbidity and mortality associated with cancer, especially in developed countries. The liver is the single most common site of distant metastasis; up to 50% of CRC patients develop liver metastasis during the course of the disease, and 20%225% of patients with newly diagnosed CRC present with synchronous liver metastasis at the time of initial diagnosis (1-3).
Col orectal cancer (CRC) accounts for much of the global morbidity and mortality associated with cancer, especially in developed countries. The liver is the single most common site of distant metastasis; up to 50% of CRC patients develop liver metastasis during the course of the disease, and 20%225% of patients with newly diagnosed CRC present with synchronous liver metastasis at the time of initial diagnosis (1) (2) (3) .
Hepatic metastasectomy is the standard of care to treat liver metastasis when curative surgery is feasible. However, the prognosis after hepatectomy is poor, with the 5-and 10-y survival rates after hepatectomy being approximately 40% and 25%, respectively (4) . The prognosis is even poorer for patients with synchronous hepatic metastasis (a hepatic metastasis presented at the same time of its primary colorectal tumor) than for those with metachronous hepatic metastasis (a hepatic metastasis that has developed after the resection of the primary colorectal tumor) (5-7). Several previous investigators have developed prognostic scoring systems to improve patient selection for hepatic metastasectomy and as criteria for patient stratification in clinical trials (8) (9) (10) .
The unsatisfactory outcome reflects the absence of widely accepted criteria to select patients for hepatectomy (4) and the unsatisfactory and inconsistent results associated with previously developed prognostic scoring systems that use clinicopathologic variables (11) . This underscores the need for a new prognostic model that uses biologic and clinicopathologic factors to guide treatment of the patients with SCLM (11, 12) . 18 F-FDG PET/CT uses the increased rates of glucose metabolism in tumors to characterize the biology of different cancers, with several studies having reported that high rates of 18 F-FDG uptake in tumors are associated with increased aggressiveness and poor survival (13, 14) . However, only a limited number of studies have addressed the prognostic ability of 18 F-FDG PET/CT in patients with CRC liver metastasis (15) (16) (17) . In particular, no published article has dealt exclusively with SCLM, for which the prognosis is worse than the prognosis for metachronous metastasis. The greater severity of SCLM than metachronous metastasis underscores the importance of aggressive chemotherapy and the selection of patients for whom surgery is appropriate.
This study evaluated the prognostic ability of preoperative 18 F-FDG PET/CT in patients with SCLM who had undergone curativeintent colorectal and liver surgery. Standardized uptake values (SUVs) and the volumetric parameters, such as metabolic tumor volume (MTV) and total lesion glycolysis (TLG), were analyzed as potential prognostic factors.
MATERIALS AND METHODS

Inclusion and Exclusion Criteria
Patients diagnosed as having colorectal adenocarcinoma with synchronous liver metastasis and who had undergone curative-intent (i.e., without macroscopic residual tumor) simultaneous colorectal and hepatic surgery between January 2006 and June 2011 in our institution and who did not receive neoadjuvant treatment were retrospectively identified. Exclusion criteria included combined radiofrequency ablation or ethanol ablation for treatment of liver metastases, distant metastases other than liver metastases, overt double primary malignancy, hereditary CRC, loss of follow-up immediately after surgery (within 3 mo), and absence of data generated by preoperative PET/CT. This retrospective cohort study was approved by the institutional review board (2013-0403), and the requirement to obtain informed consent was waived.
Clinicopathologic and Survival Data
Clinicopathologic data considered to be potentially relevant to prognosis were collected from the patients' medical records. Data included age at surgery, sex, TNM stage, the preoperative serum carcinoembryonic antigen level, the number and size of hepatic metastases and their locations (lobes), the size of primary colorectal tumors, the resection margin positivity of hepatic metastases, and differentiation grade. The sizes of hepatic metastases and primary colorectal tumors were defined as the longest diameters of the tumors. For patients with multiple hepatic metastases, the diameter of the largest tumor was used. Clinical risk scores developed by Fong et al. for predicting survival after hepatic resection for metastatic CRC were also calculated (8) .
Recurrence-free survival (RFS) was defined as the interval from the day of surgery to the date of cross-sectional imaging (CT, PET/CT, or MR imaging) when tumor recurrence was first identified. All tumor recurrences were confirmed by pathology or at clinical follow-up. Overall survival (OS) was defined as the interval from surgery to death.
Acquisition and Analysis of 18 F-FDG PET Data
Patients underwent 18 F-FDG PET/CT on 1 of the 3 scanners operated in our hospital (Discovery ST [GE Healthcare] and Biograph 16 and Biograph 40 [Siemens Medical Solutions]). All patients fasted for at least 6 h before the 18 F-FDG PET/CT scan. After the venous blood glucose level was confirmed to be below 150 mg/dL, 18 F-FDG (5.2 MBq/kg body weight) was injected intravenously, and PET/CT scanning commenced 50 min later. Images were reconstructed using a 3-dimensional orderedsubset expectation maximization algorithm, and CT attenuation maps were used for attenuation correction. The SUV was calculated according to the standard formula, using lean body mass as the body weight.
Issues with interscanner difference had to be addressed before semiquantitative image analysis could be performed, because the 3 scanners used in this study had different voxel sizes and reconstruction parameters and because the widely used maximum SUV (SUV max ) is sensitive to these configurations (18) . We mitigated this problem in 2 ways. First, we used peak SUV (SUV peak ) instead of SUV max . The SUV peak was defined as the average SUV within a 1.2-cm-diameter spheric volume of interest (VOI) positioned around the voxel of highest SUV. This voxel-averaging procedure reduces the effects of differences in voxel sizes on the resultant SUV peak (19) . Second, we normalized the tumor SUV peak by dividing it by the mean SUV (SUV mean ) within a 3-cm-sized reference VOI positioned in the normal liver parenchyma. This procedure was performed to address the problem of possible cross-calibration error among the scanners. These normalized SUV peak (nSUV peak ) figures were used in the analysis.
The nSUV peak , MTV, and TLG of both the primary colorectal tumor and every hepatic metastasis were calculated. All PET/CT data in DICOM format were transferred to a workstation and analyzed using TrueD software (Siemens Medical Solutions). A 3-dimensional ellipsoid isocontour tool implemented in TrueD was used to draw appropriate VOIs. We applied an isocontour threshold of 50% SUV peak to delineate the tumor boundaries. When 50% of the SUV peak of a hepatic metastasis was smaller than the SUV mean 1 4 SDs of the reference liver VOI, the SUV mean 1 4 SDs was used as the threshold to prevent inclusion of normal liver into the tumor VOI. MTV was defined as the volume (cm 3 ) within the tumor VOI. TLG was calculated as the product of MTV and SUV mean within the VOI. The TLG was normalized by dividing it by the SUV mean of the normal liver to produce the normalized TLG (nTLG), which was used in the analysis. In the cases of multiple hepatic metastases, MTV and nTLG values of each hepatic metastasis were added, and the sums were used in the analysis. When hepatic metastases could not be distinguished from the surrounding normal liver tissue by PET, VOIs were drawn manually at the appropriate locations with the aid of contrast-enhanced CT or MR imaging.
In addition to these individual metabolic parameters, a set of composite variables (M/P ratios) were calculated and used in the survival analysis. The M/P ratio of SUV peak was defined as the ratio of the SUV peak of the hepatic metastasis to that of the primary colorectal tumor. M/P ratios of MTV and TLG were defined in the same manner.
Statistical Analysis
Survival analysis was undertaken using clinicopathologic and PET parameters as covariates and tumor recurrence and death as endpoints. The durations of RFS and OS were calculated using the Kaplan-Meier method. Univariate Cox regression analysis was performed for each potential prognostic variable. Variables with a P value of less than 0.25 by univariate analysis were included in the multivariate analysis. Multivariate Cox regression was performed for selected combinations of prognostic factors to determine the independent prognostic significance of each combination. Construction of the multivariate survival models involved a 2-block design, with different entry methods used for each block. In the first block, we entered variables without entry and removal thresholds (i.e., fixed variables). In the second block, we entered the remaining variables and applied backward elimination (entry threshold, P , 0.05; removal threshold, P . 0.1). Using b-coefficients in the multivariate models as weights, we calculated prognostic scores for RFS (PS RFS ) and OS (PS OS ). The deciles of PS RFS and PS OS that produced the lowest P values were chosen as the optimal cutoff points for dichotomizing patients into good and poor prognostic groups. Differences in the survival rates of these 2 groups were demonstrated using Kaplan-Meier curves and the log-rank test.
The degree of correlation was shown using either the Pearson correlation coefficient r or Spearman rank correlation coefficient r.
SPSS software (version 18.0; SPSS Inc.) was used for all statistical analysis.
RESULTS
Patient and Tumor Characteristics
Screening of patients identified 198 who fulfilled the inclusion criteria. Elimination from the study group of patients who met the exclusion criteria left 120 patients who were included in the analysis ( ½Fig: 1 Fig. 1 ). The 78 excluded patients (39%) did not significantly differ from the 120 included patients in terms of the clinicopathologic characteristics listed in ½Table 1 Table 1 , except for the number of hepatic metastases and the proportion of bilobar hepatic metastases, which were significantly higher in the excluded patients (P 5 0.001 and ,0.001, respectively), probably because the patients who underwent radiofrequency ablation tended to possess more disseminated hepatic metastases than the surgically cured patients. Tables 1 and   ½Table 2 2 summarize the demographics and tumor characteristics of the 120 enrolled patients. There was no early postoperative mortality (within 30 d of surgery). In 3 patients, both MTV and nTLG were calculated as zero because the SUV max of the hepatic metastases was below the threshold. The level of plasma glucose determined at the time of the 18 F-FDG PET/CT scan was less than 150 mg/dL in all patients (range, 722148 mg/dL).
Survival Characteristics
Among the 120 patients analyzed, 77 (64%) experienced tumor recurrence during follow-up. The median follow-up duration of the 43 recurrence-free patients was 39.4 mo (range, 17.0267.3 mo). Oneyear and 17-mo RFS rates were 61% (73/120) and 49% (59/120), respectively. The mean RFS for all 120 patients was 30.2 mo (95% confidence interval [CI], 25.2235.1). Sites of tumor recurrence were liver only (44 patients, 57%), liver and other organs (5 patients, 6%), lung (14 patients, 18%), the site of colorectal surgery (2 patients, 3%), peritoneum (5 patients, 6%), or other sites (6 patients, 7%).
Forty patients (33%) died during follow-up. The median followup duration of the 80 surviving patients was 43.9 mo (range, 23.0289.0 mo). The 1-y and 23-mo OS rates were 98% (117/120) and 88% (105/120), respectively. The mean OS for all 120 patients was 63.8 mo (95% CI, 57.8269.9).
Univariate and Multivariate Survival Analysis
Univariate Cox ½Table 3 regression analysis was undertaken to evaluate the prognostic potential of each variable (Tables 3 and   ½Table 4 4). The M/P ratio of SUV peak and the number of hepatic metastases were significantly associated with RFS (P , 0.05). The size, nSUV peak , MTV, and nTLG values of the hepatic metastases were of borderline significance (0.05 , P , 0.10). Sex, nSUV peak , and MTV of the primary tumor; differentiation grade; and Fong's clinical risk score were weakly associated with RFS (0.10 , P , 0.25).
Similar results were found for OS, with some differences. The nSUV peak , nTLG, and size of the hepatic metastases and differentiation grade were significantly associated with OS (P , 0.05). The MTV of hepatic metastases and the M/P ratio of SUV peak were of borderline significance (0.05 , P , 0.10). Age, preoperative serum carcinoembryonic antigen, and adjuvant chemotherapy were weakly associated with OS (0.05 , P , 0.25).
Before undertaking the multivariate analysis, a correlation coefficient matrix was calculated to address the problem of multicolinearity (Supplemental Table 1 ; available at http://jnm. snmjournals.org). The correlation coefficients between any pairs of the size, MTV, and nTLG of hepatic metastasis were greater than 0.8, suggesting possible complications caused by multicolinearity. On the other hand, the nSUV peak of hepatic metastases was only weakly correlated with MTV, nTLG, or tumor size (r , 0.5). The correlation coefficients between other potential prognostic variables were all small (,0.4).
Multivariate Cox regression analysis ½Table 5 generated 4 models for RFS (Table 5 ) and another 4 for OS ( ½Table 6   Table 6 ). First models (models 1 and 5) included nSUV peak and the size of hepatic metastases as the fixed variables. Second models (models 2 and 6) included the M/P ratio of SUV peak and the size of hepatic metastases as the fixed variables. Third models (models 3 and 7) included the MTV (Table  5 , models 3 and 4). Although the nSUV peak of both the primary tumors and the hepatic metastases were not significant in the univariate analysis, they became significant by multivariate analysis (Table 5 , model 1). In this model, a higher nSUV peak of the primary tumors was unexpectedly associated with better RFS. Because of this result, the M/P ratio of SUV peak was significantly associated with the prognosis after adjusting for other clinicopathologic variables (Table 5, model 2) .
In multivariate analysis, the nSUV peak of the hepatic metastases remained significant for OS (P 5 0.013) despite adjustment for the sizes of hepatic metastases and the differentiation grade (Table 6 , model 5). On the other hand, MTV and nTLG again became insignificant after adjusting for the sizes of hepatic metastases (Table 6, models 7 and 8).
Using b coefficients in models 2 and 5 as weights, we calculated PS RFS and PS OS as follows: Table 3 ).
Kaplan-Meier survival curves were plotted for the optimal cutoff values of PS RFS ( ½Fig: 2 Fig. 2A ) and PS OS (Fig. 2B) . The survival differences between the dichotomized groups were statistically significant (P 5 0.0018 for PS RFS ; P , 0.0001 for PS OS ).
DISCUSSION
The most important contribution of this study is the evaluation of the prognostic significance of a complete set of metabolic parameters (SUV, MTV, and TLG) for both primary colorectal tumors and hepatic metastases in an important clinical settingthat is, curative-intent simultaneous colorectal and hepatic surgery for the treatment of SCLM. Several previous studies have investigated whether there is any prognostic role of 18 F-FDG PET/CT in cases of hepatic metastasis from a primary CRC. A study by De Geus-Oei et al. reported that a high SUV of hepatic metastases is significantly associated with poor survival, although the study included both patients who underwent surgery and patients who received chemotherapy (15) . Riedl et al. demonstrated that the SUV max of hepatic metastases is associated with tissue markers of poor prognosis (glucose transporter 1, Ki-67, and p53) and prognosis itself, but there was no mention of whether the liver metastases were synchronous or metachronous and whether the SUV max was for the primary tumor or the hepatic metastasis (16) . Recently, Muralidharan et al. have reported that the MTV and TLG, but not SUV max , of a hepatic metastasis is significantly associated with prognosis. However, the study included a relatively limited number of patients (n 5 30), and there was no mention of whether the liver metastases analyzed were synchronous or metachronous. Moreover, it included only patients who underwent neoadjuvant chemotherapy.
In the current study, we show that the SUV peak of the primary tumor and hepatic metastasis possesses independent prognostic significance, even after adjusting for other clinicopathologic prognostic variables. In contrast, volumetric parameters (MTV and TLG) did not remain significant after adjusting for the size of the hepatic metastases, suggesting that the prognostic performances of MTV and TLG can be attributed to their abilities to act as surrogate measures of the sizes of hepatic metastases. This notion is supported by the fact that, in our present data, the cubic root of the MTV of the largest hepatic metastasis was highly correlated with its size (r 5 0.929, P , 0.0001; Supplemental Fig. 1A) . The situation is similar for the TLG. Although the TLG is a composite variable derived from SUV mean and MTV, a major proportion of the variation in TLG values can be attributed to variation in the MTV, and the contribution of SUV mean to the variation of TLG is relatively small. Our data indicate that the coefficient of variation (i.e., SD divided by the mean) of the SUV mean was 0.49, whereas that of MTV was 2.14, indicating that MTV is 4 times more variable than SUV mean . Hence, the variation in the TLG tends to closely follow the variation in the MTV. For this reason, the cubic root of the TLG of the largest hepatic metastasis was also highly correlated with its size (r 5 0.928, P , 0.0001; Supplemental Fig.  1B) , as in the case of the MTV. This issue was not addressed in the work of Muralidharan et al. (17) . The above arguments we have put forward regarding MTV and TLG are not an assertion that these measures have no prognostic usefulness. In the case of hepatic metastasis, most of the tumors are nearly spheric in shape. Hence, the cubic root of the tumor volume (e.g., MTV and CT volume) tends to be highly correlated with the single-dimensional tumor size. However, in the case of irregularly shaped tumors (such as those of head and neck cancers) of which the patterns of spread are shaped by the complex anatomy of multiple fascial planes, the cubic root of the tumor volume is expected to be less correlated with the largest singledimensional tumor size than for spheric tumors. In this case, MTV would not be a mere surrogate of the tumor size. This speculation may partly explain why MTV has proved its prognostic usefulness in several studies that have involved head and neck cancers (20) (21) (22) .
Our results also consistently demonstrate that clinicopathologic and metabolic parameters of hepatic metastases are prognostically more important than those of the primary tumors. Most of the variables that pertain to the primary tumor were prognostically not significant for the patient cohort included in the current study. Primary colorectal tumor parameters are expected to be associated with prognosis in cases of locoregional disease. However, it seems that once a liver metastasis develops, the prognosis becomes primarily dependent on the parameters associated with this hepatic metastasis and not on the characteristics of the primary tumor. One possible explanation would be that parameters for the hepatic metastasis might represent the duration or proliferative rate of the hepatic metastatic growth, which is associated with the development of hidden metastasis. If this is true, a large tumor burden or increased metabolic activity of known hepatic metastases would be associated with an increased likelihood of a subclinical distant metastasis.
An interesting result from the current study is the nature of the relationship between the SUV peak of primary colorectal tumors and that of hepatic metastases in predicting RFS (Table 5 , model 1). These 2 variables were not significant by univariate analysis, although they became statistically significant in the multivariate analysis. Whereas a high SUV peak of hepatic metastases was found to be associated with a poor prognosis, a high SUV peak of primary tumors was associated with a good prognosis, despite the fact that these 2 parameters are positively correlated (Supplemental Table  1 ). These results partly explain why each of these parameters was not significant in the univariate analysis-that is, opposing prognostic effects might have caused each to cancel the effects of the other. It remains to be established why high SUV peak of primary tumors indicate a good prognosis, but one of the possible mechanisms would be the inhibition of the hepatic metastasis by the primary tumor. Peeters et al. have reported that the resection of primary tumors in patients with SCLM resulted in metabolic flare of hepatic metastasis, as visualized by 18 F-FDG PET (23) . The same authors also reported that the resection of the primary tumor is associated with decreased apoptosis and increased proliferation of the hepatic metastasis and showed that this result was associated with endogenous antiangiogenic substances (angiostatin and endostatin) in urine and plasma, which is thought to result from the secretion of these substances from the primary colorectal tumor (24) . These antiangiogenic substances could render the metastatic cells dormant (25) . Therefore, it is tempting to speculate that increased metabolic activity of the primary tumor might be associated with increased inhibitory actions through the antiangiogenic molecules, which renders hepatic metastatic cells dormant. This speculation might also explain why the SUV peak of primary tumors was not found to be significant for the OS (antiangiogenic substances do not kill metastatic cells; they inhibit only metastases and render them dormant). Further studies will be needed to elucidate whether this possibility is correct.
There are limitations to this study. First, its retrospective nature potentially introduces the risk of selection bias. However, the relatively large number of our subjects (n 5 120) and well-defined inclusion criteria may have mitigated this problem. Second, we included cases in which 18 F-FDG PET/CT was undertaken using 3 different scanners. To address this problem, we used SUV peak instead of SUV max and normalized it with liver SUV mean . The normalization by liver SUV mean became necessary after the average tumor SUV peak and liver SUV mean turned out to differ significantly among the scanners. These interscanner differences disappeared after normalization (Supplemental Table 2 ). Through these modifications of the SUV, we contend that our main conclusions are not hampered by the multiple-scanner issue, although there may be minor deviations of coefficient figures in the presented prognostic models when compared with the suppositional model that would be derived from single-scanner data. Finally, our proposed prognostic models and scoring systems were not validated in an independent patient group. Prospective validation in an independent population would be required for their widespread clinical use.
CONCLUSION
In patients with SCLM who undergo curative-intent colorectal and liver surgery, PET metabolic parameters associated with hepatic metastasis have significant prognostic potential, whereas those associated with the primary colorectal tumor do not. The SUV peak of hepatic metastasis possesses prognostic significance independent of other clinicopathologic variables, whereas volumetric PET parameters (such as MTV and TLG) are surrogate measures of tumor size. Higher SUV peak for the hepatic metastases and lower SUV peak for the primary tumors are associated with shorter RFS. Further studies are needed to elucidate the underlying mechanism.
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